The effects of propolis on blood glucose regulation and the alleviation of various complications caused by diabetes have been widely studied. The main source of propolis in the northern temperate zone is poplar buds. However, there is limited research on the antidiabetic activity of poplar buds. In order to evaluate the effect of poplar buds on type-2 diabetes, crude extract and 50% fraction of poplar buds were used to feed streptozotocin-induced type-2 diabetic mice. The results showed that 50% fraction could increase insulin sensitivity and reduce insulin resistance, as well as decrease the levels of fasting blood glucose, glycated hemoglobin, and glycosylated serum proteins in diabetic mice. Compared with the model control group, the 50% fractiontreated group showed significant decreases of malondialdehyde (MDA) and increases of superoxide dismutase (SOD) in serum and liver homogenate. Moreover, 50% fraction could significantly decrease total cholesterol (TC), alleviate abnormal lipid metabolism, and enhance antioxidant capacity in the serum. For inflammatory factors, feeding of 50% fraction could also reduce the levels of interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), monocyte chemotactic protein 1 (MCP-1), and cyclooxygenase-2 (COX-2) in liver homogenate. Taken together, our results suggest that crude extract and 50% fraction of poplar buds, particularly the latter, can decrease blood glucose levels and insulin resistance, and 50% fraction can significantly relieve dyslipidemia, oxidative stress, and inflammation caused by type-2 diabetes.
Introduction
Diabetes mellitus (DM) is a syndrome characterized by chronic hyperglycemia and disorders of fat and protein metabolisms due to an insufficient secretion or impaired action of insulin [1] . Hyperglycemia is considered as a major contributor to the strong oxidative stress in diabetes [2] . The large intake of glucose and macronutrients can lead to obesity. Obesity is the main factor that induces type-2 diabetes (T2DM), and may cause a proinflammatory state accompanied by the increase in oxidative stress, which may interfere with the anti-inflammatory effects of insulin. Besides, due to insulin resistance, hyperglycemia, and oxidative stress caused by T2DM, several diabetic complications may occur, such as nephropathy, retinopathy, neuropathy, cardiovascular diseases, and nonalcoholic hepatitis (NAFLD) [3] . According to the latest Diabetes Map released by the International Diabetes Federation (IDF), there were 425 million diabetics worldwide in 2017, and with the increase in obesity, there has been an obvious increase in the prevalence of diabetes. In addition, there are more than 350 million people with a high risk of diabetes at present [4] . Therefore, it is highly significant to search for natural ingredients with the effect of relieving hyperglycemia caused by T2DM.
Propolis, a kind of gum-like solid material with aromatic odor, is formed from the secretion of the parotid gland and wax gland of bees using substances gathered from the spores and trunks of plants. Generally, raw propolis contains 50% resin [5, 6] . Several studies have demonstrated that propolis has antioxidant [7] , antitrioxypurine [8] , anti-inflammatory [9] , and antidiabetic effects, as well as protective effects to the liver [10] . Flavonoids were shown to have antidiabetic effects through various intracellular signaling pathways [11] . In our previous study, we examined 50% fraction of propolis and 50% fraction of poplar buds by highperformance liquid chromatography (HPLC). It was found that the main components of flavonoids in 50% fraction of poplar buds are quercetin, kaempferol, apigenin, isorhamnetin, chrysin, and galangin, which are similar to the components of 50% fraction of propolis [12] . However, propolis is rare and difficult to collect [9] . Therefore, poplar buds may be an ideal alternative for relieving blood glucose increase and inflammation caused by T2DM.
This study was carried out to evaluate the antidiabetic activities and effects of the crude extract and 50% fraction of poplar buds on diabetes-induced abnormalities in lipid metabolism, oxidative stress, and inflammation.
Materials and Methods
2.1. Materials and Reagents. Poplar buds were collected from Henan, China and identified by Hongcheng Zhang from the Institute of Apicultural Research, Chinese Academy of Agricultural Sciences (Beijing, China). All organic solvents used were of analytical grade and were purchased from Sinopharm Chemical Reagent Co. Ltd. Streptozotocin (STZ) was obtained from Sigma-Aldrich, Inc.
Preparation of Crude Extract and 50% Fraction of Poplar
Buds. The powder of poplar buds (40 g) was accurately weighed and mixed with petroleum ether in order to remove the wax. After ultrasonic extraction with 400 mL of 75% ethanol for 1 h, the supernatant was filtered and collected three times. The crude extract of poplar buds (CEPB) was obtained after evaporation and vacuum freeze-drying.
The crude extract of poplar buds was adsorbed by XAD-2 macroporous resin and eluted with 30%, 50%, 80%, and 95% ethanol in turn. The 50% ethanol eluent was collected to prepare the 50% fraction after vacuum concentration and freeze-drying.
2.3. Animal Care and Experimental Design. Male Kunming mice (18-20 g ) were purchased from the Wuhan Institute of Biological Products Co. Ltd. (certificate of animal quality: SCXK (HuBei) 2012-0013), and kept under environmental conditions of 12 : 12 h light-dark cycle and 22-24°C. Highfat diet was composed of 68.8% normal diet, 15% sugar, 10% lard, 5% egg yolk powder, 1% cholesterol, and 0.2% sodium cholate. After one week of adaptive feeding, the mice were fed with high-fat diet except for the normal control group. After 4 weeks, STZ of 65 mg/kg body weight (BW) was injected intraperitoneally for three consecutive days. After one week, the mice were fasted for 12 h for testing of fasting blood glucose (FBG). Mice with blood glucose levels higher than 7.8 mmol/L in the fasting state were considered as diabetic.
The mice were randomly divided into 6 groups (n = 10) as follows: Group 1 (normal control group, NC), normal mice fed with normal chow diet; Group 2 (model group, DM), diabetic mice fed with high-fat diet; Group 3 (metformin group, M), diabetic mice treated with 100 mg/kg BW of metformin and fed with high-fat diet; Group 4 (CEPB group, EPB100), diabetic mice treated with 100 mg/ kg BW of CEPB and fed with high-fat diet; Group 5 (50% fraction group, 50%FPB100), diabetic mice treated with 100 mg/kg BW of 50% fraction and fed with high-fat diet; Group 6 (50% fraction group, 50%FPB50), diabetic mice treated with 50 mg/kg BW of 50% fraction and fed with high-fat diet.
The treatments were continued for 4 weeks. STZ was dissolved by citric acid buffer (pH = 4.35). Metformin, CEPB, and 50% fraction were, respectively, mixed twice with PEG6000 and then dissolved by 0.5% CMC-Na. All animals were handled in accordance with the standards for laboratory animals established by the People's Republic of China, the Declaration of Helsinki, and the Guiding Principles in the Care and Use of Animals.
2.4. Fasting Blood Glucose (FBG) Determination. FBG was measured every week during the feeding period. The samples were collected from the tail veins and immediately tested by a Roche blood glucose meter (F. Hoffmann-La Roche Ltd., Germany).
Oral Glucose Tolerance Test (OGTT).
One day before the end of the experiment, an oral glucose tolerance test (OGTT) was performed. The mice were fasted for 12 h, and were randomly selected from each group the next morning. Firstly, one drop of blood was taken from the tail tip to determine the fasting blood glucose, and then the mice were fed with 1.0 g/kg BW amylaceum. The blood glucose levels were then determined at 30 min, 60 min, and 120 min after feeding of amylaceum.
2.6. Specimen Collection. At the end of the treatments, the mice were fasted for 12 h after the last feeding. Blood samples were taken from the eye after the removal of the eyeball, and then the mice were killed by cervical dislocation. Whole blood samples were centrifuged at 4000 r/min for 10 min at 4°C, and the supernatant was taken as experimental serum. The livers were quickly removed, washed with cold saline, blotted with filter paper, and weighed. Serum and liver were stored at −80°C for subsequent use.
2.7. Glycometabolism Determination. The plasma levels of insulin and glycosylated hemoglobin (GHb) were measured by the ELISA kits (Shanghai YuanYe Biotechnology Co. Ltd., Shanghai, China), and the concentration of glycated serum protein (GSP) was determined using commercial kits (Nanjing Jiancheng Biological Engineering Research Center, Nanjing, China) according to the manufacturer's instructions.
Fat Metabolism Determination.
The concentrations of total cholesterol (TC), triglyceride (TG), low density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were determined using commercial kits (Nanjing Jiancheng Biological Engineering Research Center, Nanjing, China) according to the manufacturer's instructions.
2.9. Oxidative Stress Determination. The concentrations of malondialdehyde (MDA) and superoxide dismutase (SOD) in the serum and liver homogenate were determined using commercial kits (Nanjing Jiancheng Biological Engineering Research Center, Nanjing, China) following the manufacturer's instructions.
Determination of Inflammatory
Cytokines. ELISA kits (Shanghai YuanYe Biotechnology Co. Ltd., Shanghai, China) were utilized to measure the levels of interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), monocyte chemotactic protein 1 (MCP-1), and cyclooxygenase-2 (COX-2) in the liver homogenate.
Analysis and Characterization of 50% Fraction by HPLC-ESI-QTOF-MS/MS.
The 50% fraction was analyzed using an Accurate-Mass Q-TOF LC/MS 6520 equipped with a diode array detector (Agilent Technologies, USA). For MS detection, the sample was dissolved in methanol to 1 mg/ mL and filtered through a 0.45 μm membrane filter before injection. The column used was the Hypersil GOLD C18 (250 mm × 4.6 mm, 5 μm, Thermo Fisher Scientific Inc., USA). An elution with solvent A (0.3% formic acid) and solvent B (acetonitrile) in a step gradient way at the flow rate of 0.5 mL/min was carried out as follows: 0 min, 15% B; 10 min, 20% B; 15 min, 30% B; 20 min, 35% B; 25 min, 35% B; 30 min, 40% B; 35 min, 45% B; 50 min, 50% B, 70 min, 60% B; 75 min, 90% B; and 80 min, 15% B. The detection wavelength was set at 280 nm. The column temperature was kept at 30°C and the injection volume was 10 μL. ESI conditions were set as follows: negative ion model; dry gas (nitrogen) flow at 10 L/min; dry gas temperature at 350°C; nebulizer pressure at 35 psi; capillary voltage at 3500 V; MS full scan range, m/z 50-1000; and MS/MS 50-1000.
2.12. Statistical Analysis. The results were expressed as mean ± standard deviation. The data of the experimental groups were analyzed by SPSS 16.0 with univariate ANOVE analysis and Duncan multiple comparison, and significant effects were examined at a probability level of p < 0 05. In each column, means with different superscript letters differ significantly at p < 0 05. 
Results
3.1. Effects of CEPB and 50% Fraction on FBG. Table 1 demonstrates the changes in FBG after the intake of CEPB and 50% fraction. During the treatment, FBG of diabetic mice firstly increased and then decreased. After 28 days of treatment, there were significant differences in blood glucose levels between the 50% fraction treatment group and model group (p < 0 05). 50%FPB100 treatment resulted in less dramatic changes in blood glucose levels compared with other treatments, and showed the effect of reducing blood glucose levels from the first week of administration (p < 0 05). Compared with CEPB, 50% fraction showed better effects at the same dose.
Effects of CEPB and 50% Fraction on OGTT.
OGTT is a glucose load test that can reflect the function of islet cells in diabetic mice and the ability of the body to regulate blood glucose level, as well as help evaluate the occurrence of impaired glucose tolerance and insulin resistance. After the gavage of amylaceum to normal mice, the blood glucose level would rapidly increase in 15-30 min, and then return to fasting level in 120 min, indicating normal glucose metabolism in the body; however, under the same conditions, the blood glucose level in diabetic mice could hardly be restored to the fasting level after 120 min, implying the abnormal glucose metabolism in these mice [13] .
As shown in Figure 1 , the blood glucose level in the NC group peaked at 30 min and then returned to the normal level at 120 min. However, diabetic mice displayed increases in blood glucose level at 120 min after glucose administration, especially the DM group. The 50% fraction-treated mice showed a more rapid decrease in blood glucose level than CEPB-treated mice, indicating that 50%FPB100 could better alleviate the abnormalities in glucose metabolism.
3.3. Effects of CEPB and 50% Fraction on INS. As can be seen from Figure 2 , the secretion of insulin was significantly increased in the DM group (34.83 ± 2.73 mmol/L) compared with that in the NC group (16.93 ± 2.62 mmol/L) (p < 0 05), but it was the opposite case for the FBG level (Figure 1 ), indicating that the experimental mice suffered from T2DM. Compared with the DM group, other groups of diabetic mice all showed significant decreases in the concentrations of insulin in the blood (p < 0 05). Based on the results of blood glucose levels, feeding of 50% fraction could better reduce the blood glucose level in diabetic mice and could lead to lower insulin concentration, indicating that 50% fraction can effectively relieve insulin resistance caused by islet β cells.
Effects of CEPB and 50% Fraction on GHb and GSP.
Compared with the NC group, the DM group showed significant increases in GSP and GHb levels, indicating that longterm high-fat diet and STZ could induce long-term hyperglycemia symptoms (p < 0 05, Figure 3 ). The gavage of metformin, CEPB, and 50% fraction significantly decreased the levels of GSP and GHb (p < 0 05) when compared with the DM group. 50% fraction showed better inhibitory effects on GHb than CEPB (p < 0 05). These results suggested that long-term feeding of CEPB and 50% fraction could reduce hyperglycemia in diabetic mice.
Effects of CEPB and 50% Fraction on Fat Metabolism.
Elevation of TC is significantly associated with the occurrence of cardiovascular and cerebrovascular diseases in diabetic patients. HDL-C promotes reverse transport of cholesterol, and has anti-inflammatory, antioxidant, and endothelial protective effects, which can reduce the incidence of atherosclerosis. LDL-C is a kind of lipoprotein particle that carry cholesterol into peripheral tissues [14] . Excessive LDL-C can cause the accumulation of cholesterol in arterial walls and increase the incidence of atherosclerosis. TG is often adopted to determine the incidence of coronary heart disease and metabolic syndromes [15] . These indicators are usually measured together to evaluate the lipid metabolism in diabetic patients. Table 2 shows the effects of treatments by metformin, CEPB, and 50% fraction for 4 weeks on TC, TG, HDL-C, and LDL-C in the serum. The TC, TG, and LDL-C levels in the DM group were significantly higher (p < 0 05), and the HDL-C level was significantly lower (p < 0 05) compared with the NC group. Compared with the DM group, the 50%FPB100 and 50%FPB50 groups showed significant decreases (p < 0 05) in TC and LDL-C values, and the 50%FPB100 group showed a significant increase (p < 0 05) in HDL-C value, indicating that 50% fraction could better improve fat metabolism in diabetic mice. 
Effects of CEPB and 50% Fraction on SOD and MDA.
Compared with that of the NC group, the SOD in serum and liver homogenate of the DM group was significantly decreased (p < 0 05), while the MDA was significantly increased (p < 0 05), indicating the occurrence of severe oxidative stress injury in the diabetic mice (Figure 4) . After the treatments, the oxidative stress injury was relieved to varying degrees. Compared with that of metformin-treated mice, the SOD of the 50%FPB100 group significantly increased and the MDA significantly decreased (p < 0 05). These results suggested that 50% fraction has a good alleviation effect on the oxidative stress caused by T2DM.
Effects of CEPB and 50% Fraction on Inflammatory
Cytokines. Mice suffering from T2DM showed higher levels of IL-6, TNF-α, MCP-1, and COX-2 in the liver homogenate ( Figure 5 ). We found that both 50% fraction and CEPB could reduce the levels of IL-6, TNF-α, MCP-1, and COX-2 production, and a more significant effect was observed for 50% fraction than for CEPB.
Identification of 50% Fraction by HPLC-ESI-QTOF-MS/MS.
As shown in Figure 6 and Table 3 , 12 kinds of flavonoids were identified by MS, including 5 flavonoids (luteolin, apigenin, chrysin, pinocembrin, and galangin), 4 flavonols (isohamnetin, 3-methoxy quercetin, 5.7-dimethoxy quercetin, and 5-methoxy alpinin), 2 dihydroflavones (pinobanksin and 5-methoxy pinobanksin-3-O-acetate), and 1 dihydroflavonol (3-acetate-pinobanksin).
Discussion and Conclusion
Previous studies have proposed that T2DM causes autooxidation of glucose, the production of polyalcohols and glycosylation products, dyslipidemia, and low-level inflammation [16] [17] [18] . In earlier studies, Croatian propolis [19] , Chinese propolis, Brazilian propolis [20] , and Egyptian propolis [21] have been found to have ameliorative effects on diabetes. In this work, it can be concluded that poplar buds also have positive effects on diabetes. In addition, 50% fraction could control the diabetes-induced abnormalities in glycometabolism, lipid metabolism, oxidative stress, and inflammation.
A previous study reported that propolis treatment could significantly alleviate the hyperglycemia in STZ-induced diabetic rats [22] . GSP and GHb are the products of long-term nonenzymatic glycosylation of blood glucose and hemoglobin, which can reflect the average blood glucose level during 2-3 weeks and 8-12 weeks, respectively [23] . CEPB and 50% fraction could alleviate the abnormality in GHb and GSP levels to some extent, which is similar to the results of a previous study in which diabetic rats were fed with propolis, indicating that poplar buds can also regulate the blood glucose level of diabetic mice [24] .
Dyslipidemia is believed to be a major risk factor for the development of various diabetic complications [25] . Cardiovascular diseases, as one of the main causes of the deterioration and death of patients with T2DM, are mainly related to the changes in plasma lipoproteins, and are often reflected by high levels of TG and LDL-C, and a low level of HDL-C [26] . Our results showed that both 50 mg/kg BW and 100 mg/kg BW of 50% fraction can significantly alleviate the dyslipidemia caused by T2DM. Insulin resistance is one of the characteristics of T2DM. A previous study has proved that propolis treatment can decrease insulin resistance in obese diabetic rats [27] . In this study, the insulin level in the 50%FPB100 group declined significantly (p < 0 05) after 4 weeks of feeding, and the abnormalities in hyperglycemia and dyslipidemia were alleviated to some extent. Currently, we still do not have a reasonable explanation for the slight differences between the 50%FPB50 and 50%FPB100 groups.
It has been confirmed that there is a close link between oxidative stress and insulin resistance [28] . Inhibition of oxidative stress could be a potential approach to treat T2DM [29] . Increases in free radical level could initiate a decrease in insulin secretion in response to hyperglycemia, which could result in more serious hyperglycemia and diabetes [30] . The results of MDA and SOD levels showed that 50% fraction could significantly reduce the oxidative injury caused by T2DM.
In addition, a previous study has demonstrated the relationship between diabetes and inflammation [31] . It is well known that diabetes causes the occurrence of hyperglycemia, insulin resistance, and damage of β cells [32] . Dyslipidemia and oxidative stress also contribute significantly to the low-level inflammation [33, 34] . IL-6, COX-2, TNF-α, and MCP-1 are closely related to the inflammatory process [35] . IL-6 is an important proinflammatory cytokine that can aggravate inflammation to cause tissue damage [36] . As an important factor in a cytokine network, TNF-α could promote the generation of other inflammatory cytokines, and at the same time cause physiological and pathological changes in the body [36, 37] . COX-2 is a rate limiting enzyme involved in the synthesis of prostaglandin E2, and they collectively enhance inflammatory responses [38] . A macrophage with high proliferative activity could produce MCP-1, which would elevate the chronic inflammation in the body due to the activation of hyaline leukocyte and macrophage [39] . In this study, we observed that IL-6, COX-2, TNF-α, and MCP-1 in the liver homogenate of diabetic mice significantly decreased after the treatment of 50% fraction, which is in agreement with the results of other studies that reported the anti-inflammatory properties of propolis [40] [41] [42] .
In conclusion, this study demonstrated that poplar buds are effective in ameliorating the abnormalities in glycometabolism, dyslipidemia, and inflammation caused by T2DM. However, it remains unclear what specific active ingredients in 50% fraction are responsible for the antidiabetic activity. Besides, more evidences are required to explain why a low dosage of 50% fraction was better than a high dosage of 50% fraction in regulating INS and GHb. Therefore, our future research will be focused on the specific active ingredients and appropriate dose of 50% fraction for regulating the glucose level in T2DM.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
The authors declare that there is no conflict of interests.
